Abstract. Spherical cultures (SCs) can be regarded in cancer research as a link between in vitro investigations on cancer lines and in vivo studies of tumor development. SCs are believed to mimic tumor architecture and to be enriched in cancer stem cell-like cells (CSC-like cells). In the present study we characterized colonospheres derived from colorectal cancer (CRC) cell lines, and we confirmed the ability of HCT116 and HT29 cell lines to form spheres within serum-free medium, however, the detailed analysis presented the major differences concerning their characteristics including morphology, phenotype, proliferative potential, distribution in the cell cycle phases and spherogenicity. Moreover, after we magnetically separated CD133 + and CD133 -cells we could conduct the analogical analysis as we performed for the original cells. We observed that all cellular fractions unveiled sphere formation capacity, even when cultured in limited number of cells per well and only SCs originated from CD133 + fraction resembled morphologically the parental spheres. Both CD133 + and CD133 -subsets derived from HCT116 line were more enriched in cells in G0/G1 phase of the cell cycle in comparison to their HT29 analogues. Additionally, proliferative potential also varied amongst all studied fractions. Surprisingly, 3-D invasion assay revealed that only HCT116-derived populations were able to migrate into extended regions of Matrigel Matrix confirming their higher aggressiveness. Our results provided comprehensive characterization of CRC cell lines culture in adherent and spherical forms and, what seems to be the most advantageous, the comparison of two distinct fractions after magnetic separation. As we found the specific features of cells presented line-and expansion mode-dependency, thus, such complete description might appear crucial before CRC lines would be involved into sophisticated assays, especially focused on potentially novel therapeutic agents targeting CSC-like cells.
Introduction
Cancer is among the leading causes of death worldwide and colorectal cancer (CRC) is the third most frequently diagnosed cancer type (1) . Despite the fact that some progress has been made in recent years, colorectal cancer progression, metastasis and treatment still constitute essential medical problems. Increasing evidence suggests that CRC may develop according to the hierarchical model of carcinogenesis which postulates existence of small sub-population of poorlydifferentiated, self-renewable cancer stem cells (CSCs), also called tumor initiating cells (TICs) or cancer stem cell-like cells (CSC-like cells) (2) . CSC-like cells have been induced in the SW480 colorectal cell line by the transduction of OCT3/4, SOX2, KLF4 genes using retrovirus vectors (3, 4) . Such a transformation may be caused also by alterations in the cell microenvironment and may depend on transforming growth factor-β (TGF-β) signaling (5) . It was postulated that TGF-β through activation of epithelial mesenchymal transition (EMT) may act by retaining of dynamic equilibrium between CSC-like cells and non-CSC-like cells within human colorectal and breast cancer lines (6) .
Lapidot et al (7) were the first to describe characteristics of cells capable of developing acute myeloid leukemia (AML) after transplantation into severe combined immune-deficient (SCID) mice, which were suggested to be CSC-like cells. Over the years, CSC-like cells were proven to exist in many solid tumors including breast (8, 9) , pancreas (10, 11) , skin (12) , lung (13) , glioblastoma (14, 15) , prostate (16) , and colon cancers (17, 18) as well as in brain and glioblastoma (19, 20) . CSC-like cells are capable of self-renewal and differentiation into non-tumorigenic cell progeny and are resistant to conventional therapeutic procedures. Due to their specific properties and insensitivity to chemo-and radiotherapy, CSC-like cells are believed to be a source of cancer recurrence (21) (22) (23) . Therefore, targeting CSC-like cells or their niches may lead to eradication of cancer cells, reduction of tumor relapse risk and improved prognosis for CRC patients.
Isolation of the CSC-like cells from the total cancer cell population is essential for circumstantial studies on their participation in cancer progression, metastasis and drug resistance. Their detection is based on cytological sorting, morphological and biochemical features as well as xenotransplantation assays (24) . The identification of specific surface biomarkers is one of the most commonly used types of CSC-like cell analysis. To distinguish colon CSC-like cell population from other tumor cells Ricci-Vitiani et al (17) used as their marker CD133 protein, known also as a prominin-1. CD133
+ population was found to account for approximately 2.5% of all cancer cells in CRC samples after tissue dissociation. Expression of CD133 protein only in cell populations capable of sphere formation, self-renewal and resistant to chemotherapeutics confirmed its role as a putative CSC-like cell marker by other groups (18, 25, 26) . They found expression of CD133 on the surface of CSC-like cells in brain, pancreatic, gastric and gallbladder cancers. However, Shmelkov et al (27) reported that both, CD133
+ and CD133 -metastatic colon subsets were capable of tumor initiation in the mouse model.
CD133
-subset derived from metastatic CRC was capable of long-term growth in a xenograft model within nOD/SCiD mice and appeared to be more aggressive in comparison to CD133 + population. Moreover, the phenotypic analysis of CD133 -cells confirmed the expression of next CSC-like marker, CD44 molecule, which correlated with the formation of more aggressive tumors (27) .
It has been proposed recently that the usage of spherical cultures (SCs) presents a more adequate tool for culturing and analysis of stem cells. This concept is based on anchorageindependent properties of CSC-like cells which are capable of surviving after being detached from niche elements and forming next cellular aggregates floating freely in the serumfree medium. That is contrary to the non-stem cancer cells population which undergo anoikis under the same culture conditions (28) (29) (30) (31) . These three-dimensional (3-D) models gained popularity in the field of breast (32), lung (33) , ovarian (34) and colon (29, 31) cancer research. In the twodimensional (2-D) systems, cells are grown as monolayer, lacking specific interactions that are present in native tumors, thus, 2-D cultures poorly mirror the complexity of cancer microenvironment. Hence, multicellular spheroid model seems to partially simulate naturally-occurring heterogeneity in regard to cellular morphology (35) . Heterogeneous exposure to oxygen, nutrients, physical and chemical stresses, and specific gene expression (29, (36) (37) (38) . SCs are more likely to be engaged in some functional assays since they more adequately support CSC-like cell properties (25, 30, 31, 38) .
Although HCT116 and HT29 cancer cell lines belong to the most often utilized CRC model cells in 2-D cultures, their properties when cultured in adherent and spherical models have not yet been fully compared. Therefore, we decided to investigate the biological characteristics of colonospheres derived from HCT116 and HT29 cell lines in vitro and verify the influence of the culture conditions on cancer cell properties, and especially number and features of CSC-like cells. Additionally, to fully evaluate the features of SCs cells, we performed magnetic cell sorting based on the presence of the CD133 protein on the cell surface. The literature is lacking such comprehensive description thus we wish to fulfill this field of knowledge.
Materials and methods
HT29 and HCT116 monolayer cell culture. both, HT29 and HCT116, human adenocarcinoma colorectal cell lines were originally purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). All experimental chemicals were purchased from Sigma-Aldrich (Poznan, Poland). The cells were cultured in medium recommended by the manufacturer, McCoy's medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and 2 mM L-glutamine and incubated at 37˚C under a humidified atmosphere of 5% CO 2 . The cells were subcultured by trypsineDTA treatment when they achieved ~80% confluency and the medium was renewed 3 times per week.
Colonosphere-derived HCT116 and HT29 cell lines. All experimental chemicals were purchased from Sigma-Aldrich, except for growth factors, which were purchased from R&D Systems/biokom (warszawa, poland). Cells were originally cultivated in PCM, trypsinized, washed twice in phosphatebuffered saline (PBS) and maintained in serum-free stem cell medium containing Dulbecco's modified eagle's medium (DMEM)-F12 supplemented with ITS Liquid Media Complement, 5 mM HEPEs, 4 mg/ml bSA, 2 nM L-glutamine, 3 mg/ml glucose, 20 ng/ml eGF, 20 ng/ml bFGF and antibiotic antimycotic solution. This medium will be referred to as stem cell medium (SCM). For characterization purposes, we only used 5-6 passage SC within the present study.
Phenotypic flow cytometric analysis. Colonospheres were first washed in PBS-EDTA (Sigma-Aldrich) medium for 5 min, to obtain single-cell suspension. CRC line cells and cells from colonospheres were stained with the following monoclonal antibodies: anti-CD29-APC (clone MAR4, IgG1, κ), anti-CD44-FITC (clone, G44-26, IgG2b, κ), antiEpCAM-FITC (clone EBA-1, IgG1), and anti-LGR5-Biotin (clone 4D11F8, IgG2b, κ) coupled with streptavidin-APC (BD Biosciences, San Jose, CA, USA). Anti-CD133/2-pe (clone 293C3, IgG2b, κ) monoclonal antibody was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). After 30 min of incubation in the dark in room temperature (RT) samples were fixed and prepared for further analysis. Intracellular staining was performer for anti-BMI-1-FITC (clone P51-311, IgG1, κ) according to the manufacturer's instructions (BD biosciences). Cells were mixed with warm fixation buffer in volume ratio 1:1 and incubated for 10 min in 37˚C. in the next steps, cells were centrifuged at 250 x g for 10 min and the supernatant was discarded. Pellet was washed with chilled stain buffer and centrifuged under same conditions to remove supernatant. Cold Perm buffer was added to the pellet while vortexing. Cells were incubated on ice for 30 min, centrifuged and washed twice with staining buffer. Cells (1x10 7 ) were suspended in 1 ml of stain buffer, divided into separated testtubes and stained with anti-BMI-1. Next steps were analogical like in an extracellular staining procedure presented above. Flow cytometric analysis was performed using FACSCalibur flow cytometer (bD biosciences).
Cell death assay. The 7-aminoactinomycin D (7-AAD) dye (BD Biosciences), a compound binding to the DNA of impaired cells, was used for death cell evaluation. After adding 10 µm of Via Probe samples were incubated for 30 min, washed and re-suspended in PBS prior to cytometric analysis.
Apoptosis assay. Analysis was based on changes of phosphatidylserine localization within cell membrane using Annexin V-FITC apoptosis detection kit I (BD Biosciences) according to the manufacturer's instructions. Cells (1x10 6 ) were suspended in 1 ml of binding buffer. A total of 5 µl Annexin V-FITC and 5 µl of PI were added, gently pipetted and incubated for 15 min in RT in the dark. After that time, 400 µl binding buffer was added and flow cytometric analysis was performed within 1 h.
Magnetic cell sorting based on MACS technology. The procedure was conducted according to the manufacturer's recommendation (Miltenyi Biotec). In brief, 20 µl of Blocking Reagent and 20 µl of CD133 MicroBeads Tumor Tissue were added to cells suspended in buffer composed of PBS (Sigma-Aldrich), 0.5 M EDTA (Sigma-Aldrich) and 10% BSA (Sigma-Aldrich) and incubated for 15 min. Cells were washed and 10 µl of Labeling Check Reagent-PE was added and was incubated for 5 min. Labeled cells were washed and re-suspended in proper amount of the buffer. Cell suspension was applied onto the MS Column which was washed three times with buffer. Cells within flow-through were collected. The purity of isolated subpopulation was checked by addition of CD133/2 (293C3) antibody and flow cytometric analysis.
Cell cycle analysis. Cells (1x10 7 ) after 7 days of culturing were pipetted, washed twice in PBS (Sigma-Aldrich), fixed on 70% ethanol at -20˚C. within 2 weeks, cells were centrifuged, suspended in staining buffer composed of PBS, propidium iodide (pi) (50 µg/ml) and rnase (25 µg/ml) (both from Sigma-Aldrich) for 30 min in the dark at 37˚C. Samples were analyzed using FACSCalibur flow cytometer (BD Biosciences).
Cell growth and proliferation assay. Adherent cells were seeded in cell culture flask with vented cap in PCM and HCT116-and HT29-derived spheres in 24-well plates in SCM. After every passage, cells were dissociated into single-cell suspension and counted.
Proliferation assay. Proliferation abilities were measured based on the CellTrace™ Cell Proliferation kit (Invitrogen; Thermo Fisher Scientific, inc., Carlsbad, CA, USA) according to the manufacturer's protocol which differs among adherent and spherical cells. Spherical cells in suspension were incubated with 5 µM CellTrace-CFSe Dye for 20 min at 37˚C, protected from light. Afterwards, free dye was removed by addition of culture medium and centrifugation. Pellet cells were re-suspended in complete SCM and proceeded with 7 days incubation and analysis. Adherent cells were not trypsinized; old medium was removed and replaced with 5 µM CellTrace-CFSE buffer and incubated in the dark. Then, the solution was removed, the cells were washed twice with PBS and replaced with fresh medium for 7 days. At day 0 and 7 cells were analyzed by the FACSCalibur flow cytometer (bD Biosciences).
Dilution assay. Cells after magnetic sorting were seeded at different density by using serial dilution method beginning with 2,500 cells/well and finishing with 10 cells/well. Cells were cultured in 24-well plates, dedicated to non-adherent cells, in SCM. After 7 days, cells were dissociated into single-cell suspension, stained with Trypan blue (Sigma-Aldrich) and counted.
3-D sphere invasion assay. After 7 days of culturing, formed spheres were taken and the diameters were measured. Spheres were suspended in a mixture of Matrigel™ Matrix growth factor reduced matrix (bD biosciences) and DMeM/F12 medium (Sigma-Aldrich) in ratio 1:4 on ice and transferred onto a 24-well plate. Invasion was monitored by measuring the maximal outgrowth of the sphere diameter after 8 days. Photographs were taken with the use of inverted microscope Olympus CKX53 coupled with digital camera Olympus SC50 (Olympus Corp., Tokyo, Japan).
Statistical analysis. Data were computed using the GraphPad Prism ver. 6.05 (GraphPad Software, Inc., San Diego, CA, USA) and software Statistica 12 (StatSoft, Kraków, poland). Statistical significance of differences between the mean values was based on non-parametric tests and assessed by the Mannwhitney U, the Kruskal-wallis analysis of variance (AnOvA) and the Spearman's rank correlation. Values of P<0.001 or P<0.05 were considered as statistically significant. within the present study, data from at least 3 independent experiments have been analyzed to verify reproducibility of the results. The data are presented as the means ± standard error of the mean (SEM).
Results
Establishing of spherical models derived from HCT116 and HT29 cells. HCT116 and HT29 cell lines cultured in selective conditions of stem cell medium (SCM) formed spheres (Fig. 1) ; however, colonospheres from both lines displayed morphological differences. HCT116 cells formed larger spheres with diameters varying from 150 up to 400 µm. Shape of the HCT116-derived spheres was spherical with regular, continuous and aquiline contour, which can be described as compact tumor packaging. In comparison, the HT29-derived spheres were smaller (100-300 µm), their outline was less regular and cell aggregates presented various shapes. To calculate the sphere size, the diameters of at least Spheres sizes were measured at given time-points during expansion. Results obtained from 3 independent experiments. At least 5 colonospheres from each experiment were measured. Results are expressed as mean ± SEM.
5 representative spheres were measured every second day and the average dimensions of HCT116-and HT29-derived spheres are shown in Table I .
Different expression of CSC-like markers on colonospheres
as compared with adherent cell cultures. As CD133 and some other proteins, such as CD44, CD29, BMI-1, LGR-5 -and CD29-positive cells (Fig. 2) . The expression of cell adhesion molecule, EpCAM, remained at the same high level during culture expansion time both in adhesive and spherical cultures (Fig. 2) . Transformation from adherent to spherical forms of HCT116 and HT29 cell line culture caused decreased expression of some other CSC-like cell markers such as BMI-1 and LGR-5 in comparison to their adherent forms (Fig. 2) .
Viability of cells during adhering and colonospheresupporting culture.
We evaluated the percentage of non-viable cells in both cell culture systems by flow cytometric assays using 7-AAD dye ( Fig. 3) , which is excluded by living cells, but binds selectively to GC regions of DNA of damaged cells. The spheres obtained from both studied CRC lines presented significantly higher percentage of non-viable cells than their parental (adherent) cell lines (Fig. 3) . To evaluate these observations we analyzed the proportion of 7-AAD + cells labeled with Annexin V-FITC and PI by cytometric analysis (data not shown). we confirmed the previous observation that within adherent HCT116 and HT29 lines dead cells constituted only a very minor percentage of the total population, 2 and 3%, respectively. HCT116-derived spheres displayed 64.5±9.1% of 7-AAD + cells: among them 71.4±2.5% constituted lateapoptotic cells, 19.7±4.2% presented early apoptotic features and 9.0±6.1% were necrotic/dead cells (data not shown). in comparison, 7-AAD + cells from spherical model of HT29 were characterized by the presence of 74.7±5.5% of late apoptotic and 14.3±4.9% of early apoptotic cells, the remaining subpopulation was made up by necrotic/dead cells. The differences between HCT116-and HT29-derived spheres in the proportions of early apoptotic, late apoptotic and necrotic/ death cells were not significant.
Proliferative abilities of cells during adhering and colo-
nosphere-supporting culture. To estimate the proliferative abilities of SCs cells, we calculated the proliferation rates of cells in both culture systems during every passage (Fig. 4A) . In HCT116-or HT29-derived spheres the proliferation rate was 5-or 3-fold lower as compared to the corresponding adherent cells, respectively (Fig. 4A) .
The proliferative capacities of cells in adherent and spherical models were also assessed by CFSE-based proliferation assay. CFSe (carboxyfluoresceinsuccinimidyl ester), diffuses into cells and after binding covalently to cellular amine residues, emits fluorescence proportional to the number of stained cells. Changes in CFSe median fluorescence intensity (MFi) after 7 days of incubation compared to the MFI at day 0 represented fold decrease indicative of the rate of proliferation (Fig. 4C) . We found 1384±196-fold and 1339±30-fold MFI decrease in HCT116 and HT29 adherent cell lines, respectively. SCs of the corresponding cell lines presented significantly lower MFi fold decrease (34±5 for HCT116-spheres and 23±1 for HT29-spheres) between day 0 and 7, indicative of the lower dilution of the CFSE dye and smaller number of cell divisions in spheres as compared to adherent culture (Fig. 4C) .
CFSE dye was also used to compare the proportion of cells which underwent divisions to find out how many cells were able to proliferate, thus, how many cells were quiescent. The number of cells with decreased CFSE dye concentration after 7 days of cultivation was estimated (Fig. 4B) . Markedly, higher population of cells underwent divisions in HCT116 and HT29 adherent models in comparison to their spherical counterparts. Overall, we confirmed that the SCs had reduced number of cells capable of dividing in comparison to adherent cells.
Cell cycle analysis of cells during adhering and colono-
sphere-supporting culture. The cell cycle of the adherent-and sphere-forming cells was analyzed by flow cytometry (Table II) . Only viable cells were considered since dead cells were gated and not analyzed. we observed significant differences in the proportions of cells in G0/G1 and S/G2/M phases between adherent HCT116 and HT29 cells and their spherical counterparts. (Table III) .
Morphological analysis of the obtained CD133

Phenotype of the obtained CD133
+ and CD133 -cells after magnetic separation. We found that the magneticallyseparated CD133 + fractions from both studied CRC cell lines were enriched in double-positive cells for CD44 + and CD29 + , whereas CD133
-cultures presented significantly increased number of CD44 -CD29 + cells (Fig. 6A and B) . EpCAM expression was similar within all subpopulations, whereas LGR-5 expression was markedly higher in both CD133 + and CD133 -subsets derived from HT29 cell line (Fig. 6C) , similarly as in the parental populations. However, HCT116-CD133 + and HT29-CD133 + populations displayed higher proportion of BMI-1 + cells when compared to their CD133-negative analogues (Fig. 6C) . The expression of CD44 and CD29 on the cell surface correlated positively with the sphere sizes (P<0.05, r=0.28, Spearman's rank correlation coefficients).
Viability of the obtained CD133
+ and CD133 -cells after magnetic separation. The viability and apoptosis of the sorted subpopulations was verified according to the same protocols as we used for original HCT116 and HT29 cells; however, there were no statistical differences between CD133 + and CD133 -fractions in studied cell lines (data not shown). The detection of dying cells performed with the use of Annexin V-FITC and PI staining did not reveal differences amongst CD133 + and CD133 -populations from HCT116 and HT29 cell lines and confirmed similar viability of the studied subsets of cells (data not shown).
CD133
+ and CD133 -cell fractions have different proliferation rates and dividing potential. The proliferation of CD133 + and CD133 -subpopulations of the studied HC116 and HT29 cells cultured in adherent and spherical models was established by the method of CFSe cell labeling (Fig. 7) . HCT116-133 -contained significantly higher percentage of proliferating cells, with decreased amount of CFSE dye in their cytoplasm, indicated as a population with lower MFI in comparison to cells at day 0 (Fig. 7B) . Fold decrease measured at day 0 and 7 was 309.3±119.7% for HCT116-CD133 + , whereas in HT29-CD133 + fraction this value was 38.7±2.9 (Fig. 7B) . Based on the CFSe fluorescence we assessed the percentage of cells which underwent divisions during expansion (Fig. 7A) . Generally, we found that both CRC lines represented different proliferative features because HCT116-CD133 + fraction contained higher proportion of actively proliferating cells in comparison to the HCT116-CD133 -cells, whereas HT29 cells induced the opposite effects (Fig. 7A) . + and CD133 -subsets derived from CRC cell lines were expanded for 7 days in SCM at concentration 2.5x10 3 cells/well. Sphere-forming ability presented after 2 and 7 days. Scale bar, 100 µm. 
Cell cycle analysis of CD133
+ and CD133 -fractions. Staining with PI was performed to establish distribution of sorted fractions of the studied cell lines in the cell cycle, however, we did not observe any significant differences amongst CD133 + and CD133 -subpopulations derived from the same CRC cell line. At the same time, we noted changes between same type of fractions isolated from HCT116 and HT29 cells. we observed markedly higher proportion of cells from HCT116-CD133 + in G0/G1 phase in comparison to HT29-CD133 + fraction, being 50.8 and 39.6%, respectively. Furthermore, HT29-CD133 + possessed 60.4% of actively dividing cells occurring in S/G2/M phase whereas this percentage in CD133 + subset derived from HCT116 constituted <50%. when we compared the percentage of G0/G1 cells amongst fractions from HCT116 and HT29 cell lines, we observed slight increase of quiescent cells in HCT116-133 -and HT29-133 -subpopulations (Table IV) .
The ability to form colonospheres differs between CD133
+ and CD133 -subpopulations. Cells from CD133-positive and CD133-negative populations of HCT116 and HT29 cell lines were plated at different cell densities, in range from 2.5x10 3 to 10 cells/well by serial dilution method, in 24-well plates and cultured for 7 days to evaluate their sphere-formation abilities (spherogenicity). We noticed that both CD133 + and CD133 -subpopulations from HCT116 and HT29 lines created spheres at various cell densities (Fig. 8B) . Cells after dilution assay were collected to assess their final number in each well after 7 days of incubation (data not shown). We observed rapid increase of cell numbers when they were plated in reduced concentrations what suggested that the cell density influences the cell proliferative capability. increased number of cells (2.5x10 3 ) seeded at the beginning of the experiment exhibited inhibitory effect on cellular divisions and their accumulation.
To verify the sphere forming abilities, we also cultured both magnetically separated fractions in Matrigel™ Matrix for 8 days and calculated their total outgrowth and morphology with microscope equipped with digital camera. We measured the sizes of the growing spheres and afterwards we calculated fold increase by dividing the final size (at day 8) by the value at day 0 of the incubation (Fig. 8A) . The trajectory of growth curves fluctuated until day 4, HCT116-CD133 + and HT29-CD133 + increased notably their sizes thereon.
Migration abilities of cells derived from HCT116 cell line.
Besides changes in sphere size, cultivating CD133-positive and CD133-negative CRC cell subpopulations in Matrigel™ Matrix for 8 days showed also structural differences in colonospheres formed by cell fractions from both CRC lines. Cells from all four fractions were able to degrade Matrigel Matrix and enhanced their expansion (Fig. 9) . However, only HCT116-derived subpopulations, HCT116-CD133 + and HCT116-CD133 -, contained cells with the ability to migrate from parental spheres resulting in irregular outline of spheres and cell presence in distant regions of Matrigel Matrix, suggestive of their invasive properties (Fig. 9) .
Discussion
It has been assumed that 3-D spherical model of the expansion of cancer cells better corresponds with the natural tumor microenvironment and presents properties which may be more relevant to the in vivo tumor development than cancer cell lines cultured in adherent forms (29, (36) (37) (38) (39) . The spherical cultures of cancer cells offer an appropriate model for testing novel anticancer therapeutics, especially those which would target CSC-like cells. It has been recently reported that colonosphere cultures are enriched in CSC-like cells in a cell line-dependent manner, thus, more data are necessary for precise determination of the features of cells forming spherical cultures in each particular cell line (40) . Hierarchical model of tumor development has been supported by data for various tumor types including prostate, lung and colon cancers (13, (16) (17) (18) . However, the increased utility of SCs in cancer studies provided divergent results which obscure their real potential and enabled the comparison of data obtained by various research groups. Therefore, the present study aimed to explore the features of colonospheres derived from two commonly used CRC cell lines, HCT116 and HT29, and compare them with the characteristics of the adherent cell cultures. The obtained data present multiple evidence suggesting advantageous use of 3-D cell cultures in the cancer studies rather than traditional monolayer model.
Our results showed that cultivating human CRC cell lines in spherical forms resulted in harvesting of cells phenotypically different than their adherent counterparts, with an important finding of more in vivo, like diversity creating more reliably environment supporting CSC-like cells for experimental purposes. Thus, colonospheres of the studied cell lines represent more suitable tool for studying in vivo tumor development than adherent cell cultures. Finding of adequate biomarkers for the identification of CSC-like cells is a crucial step to assess the proportion of CSC-like cells within the studied populations. Therefore, apart from the CD133 molecule, which seems to be controversial but still represents the most universal and the most frequently used marker to identify CRC-CSC-like cells many other markers such as CD44, CD166, CD29, CD24, epithelial-specific antigen (ESA), leucine-rich repeat-containing G-protein coupled receptor 5 (LGR-5), B lymphoma Mo-MLV insertion region 1 homolog (BMI-1) have been used for the characterization of CSC-like cells (22, 24, 39, 41) . Our results indicated that both cell lines, HCT116 and HT29, when cultured in a selecting, serum-free medium, were able to form freely suspended spheres corroborating the results of earlier studies on other CRC lines, including SW1222, Caco-2, SW480, DLD-1 and Sw620 (30, 38, 42, 43) . However, the wide-ranged characterization and comparison of spherical and adherent forms of the studied CrC cell lines was accomplished first in the present study. Morphologically, HCT116-derived spheres were almost ideally spherical, significantly bigger and had more packed cells than HT29-drived spheres, which presented less regular shapes and 'fuzzy' outlines in contrast to the continuous contours of HCT116 spheres.
The important finding of the present study was the observation of significantly lower ratio of CRC-CSC-like cells, defined by the presence of the CD133, CD44, CD29, LGr-5 and BMI-1 molecules, in SCs of both studied cell lines rather than their adherent counterparts. These results considerably differ from the small fraction of CD133 + cells present in the primary spherical cultures derived from CRC patients (17, 18) . This discrepancy might have been caused by the use of fresh human tissue resected from CRC patients (17,18), whereas we studied SCs derived from the established CRC cell lines commonly used in experimental studies. Furthermore, data concerning CRC lines are very discrepant. CD133 expression in HCT116 line was found to be greatly diversified. For instance Dittfeld et al (44) showed that in parental HCT116 CD133 + cells constituted 74% and in 3-D model 70% of all cells, whereas Huang et al (45) reported that 2 and 65% of cells expressed CD133 in monolayer and colonosphere model, respectively. Some authors reported no differences in percentage of cells positive for CD133 within HT29 CrC line cultured as monolayer and in spherical form (6.25 and 5.6%, respectively) (46), but others (40) found ~15% increase of HT29 CD133 + CD44 + cells when cultured under CSC-selective conditions.
Notably, we found that the modification from adherent into spherical form resulted in the major decrease of CD29 + and CD44 + HCT116 and HT29 cells what we associated with the weakening of the junctional complexes between the cells and cell-matrix in spherical cultures (40) . Similarly to other authors (47), we found that the expression of the another adhesion molecule, EpCAM, did not differ between CRC cells cultured as monolayer or spheres what suggests that EpCAM is rather a surface marker of colon cancer cells, but not a marker of colon CSC-like cells.
CRC cell lines were found to present rather high expression of differentiation marker cytokeratin 20 (Ck20) (48) , which has been suggested to be a useful diagnostic and prognostic marker in CRC patients (49,50). In line with the idea that SCs should maintain only primitive cells, a concomitant decrease in the percentage of cells expressing Ck20 was observed in HCT116-and HT29-derived colonospheres (data not shown) in comparison to their adherence counterparts. Moreover, differences within the percentage of Ck20-positive cells between CRC cell lines correspond with the origin of cell lines, while HCT116-derived cells are less differentiated and more immature, thus, have small fraction of Ck20 + cells, whereas HT29 cell line is less aggressive and possesses greater fraction of cells expressing Ck20.
LGR-5, a target of Wnt signaling, is a marker protein for intestinal stem cells and CSC-like cells, hence it is considered as a potential therapeutic target in colorectal cancer (51-53).
However, it has been recently reported that selective LGr-5 + cell ablation curbs primary CRC growth without total tumor regression due to the proliferation of LGR-5 -cells which refilled the LGr-5 + pool (54) . Our finding of decreased proportion of + cells in spherical cultures in comparison to their adherent counterparts could be related to decreased cellcell adhesion as it was found to correlate with the expression of the LGR-5 + cells (55) . Moreover, this decline might have been affected by the heterogeneity of spherical cultures since they contained lower percentage of Ck20-expressing cells and higher number of dying cells.
While BMI-1 was reported to play an important role during the self-renewal and maintenance of many types of normal and stem cells, its expression was also analyzed in different types of cancers including leukemia, breast and colorectal (56) (57) (58) . BMI-1 is thought to protect tumor cells from apoptosis induced by chemotherapeutics but the precise mechanism responsible for its activity is not fully understood (59, 60) . Although BMI-1 is highly enriched in many types of CSC-like cells, however, not all BMI-1-positive cells are actual CSC-like cells (59) . The observations that different subpopulations among CSC-like cells exhibit distinct rate of growth, suggest that BMI-1 should be rather co-expressed with other CSC-like cell markers, including CD133 or CD44 to induce such pro-proliferating effect. The results of the present study seem to support this notion since we found that the expression of BMI-1 was positively correlated with the LGR-5 and CD133 expression in colonospheres. Overall, the phenotypical analysis of the studied CRC cell lines strongly suggests that SCs represented heterogeneous cellular populations at the various development and differentiation stages because of the varied expression of the LGR-5 + and BMI-1 + markers. BMI-1 + cells are rather dormant type of CSC-like cells, which in case of eradication of tumor bulk can be activated by the tumor microenvironment and transform themselves into active, LGR-5 + cells, form CSC-like cells with regenerative properties, to maintain the balance between the CSC-like populations (5, 60) .
Importantly, our observation that the viability of cells in 3-D model was significantly lower than in adherent cultures may have an implication for the in vitro studies of cancer cells. According to analysis of phenotype, including LGR-5 and Ck20, and proliferative abilities of cells, we claim that significant percentage of 7-AAD + cells within SCs of all studied cell populations (before and after magnetic separation) was the result of cell differentiation and decreased cell-cell interactions. This assumption is in agreement with the findings of other authors who also revealed the ability of immature cells to survive and grow in serum-free suspension, whereas more differentiated cells undergo anoikis, a form of apoptosis triggered by loss of anchorage to ECM elements (31, 61, 62) . What is more, the co-culture of CSC-like with non-CSC-like cells derived from breast cancer lines revealed protective/supporting effect of the latter one toward population with stem traits (62) . Despite the elevated percentage of non-viable cells found in colonospheres, the overall number of cells within them was constantly increasing, indicating the presence of continually proliferating cells which prefer SCM culture conditions.
The application of separation based on the CD133 molecule presence on the surface of CRC lines resulted in obtaining cells which could be further cultured, similarly to that found in other studies on primary cultures of CRC tumors (17, 18, 25, 27, 29) or CRC cell lines (6, 41, 44, 47 + cell subsets were significantly smaller than original colonospheres. This indicated that the expansion of 'parental' HCT116-and HT29-derived SCs depended not only on CD133 + but also was influenced by CD133 -tumor cells. That is surprising because we noted positive correlation between CD133 proportion and sphere sizes in SCs. Additionally, analysis of dilution assay has shown that both subpopulations from HCT116 and HT29 lines created spheres in SCM independently of number of seeded cells, however, the bigger the concentration of cells, the higher the proliferation rate was. We suppose that sphere formation took place through proliferation and partially also through following aggregation of cells in our experimental settings.
it is widely known that HCT116 and HT29 represent CRC cell lines that correspond to the more and less aggressive forms of this cancer, respectively. Our findings support this important distinction. The analysis of apoptosis based on Annexin v-FiTC and pi revealed significant proportion of cells in G0/G1 phase in HCT116-derived SCs indicating presence of dormant cells within the culture, which might contain CSC-like cells, whereas SCs originated from HT29 line presented more cells in active phases of cell cycle, i.e. S/G2/M. This can be explained by differences in the derivation of cell lines as HCT116 line represent non-differentiated and highly aggressive cell line that corresponds to the TNM 3 stage, so we assume that number of CSC-like cells could be higher than in HT29 line, which is known as less invasive (TnM 2). However, subsets obtained after magnetic isolation possessed approximately similar percentage of cells in G0/G1 and S/G2/M as their parental spherical counterparts, thus, linage-dependent factors influence the cell cycle features of cells during their expansion in culture, especially in spherical forms.
The analysis of the proliferative potential of the analyzed cell types revealed, as we expected, that adherent CRC lines showed significantly higher proliferation rates than their spherical counterparts. This can be associated with the phenotypical heterogeneity of the culture forms of the studied CRC cell lines. Since colonospheres presented lower proportion of CSC-like cells, lower proliferative potential and higher proportion of dead/dying cells in culture we suggests that SCs of cancer cells better mimic the properties of primary CRC tumors. Therefore, colonospheres should be more widely used for the studies of cancer, e.g. such as ex vivo evaluation of chemotherapeutics.
The magnetic separation of cells from CRC cell lines with different expression of CSC-like cell markers provides another useful tool for the in vitro studies. In this respect, the choice of CD133 molecule, a putative marker of CSC-like cells, enabled us to isolate from colonospheres cell populations with different proliferative capacities. --derived colonospheres did not present invasive properties since they were not capable to leave the abandon maternal sphere. This can be explained by the fact that HT29 cells were originally isolated from primary, not metastatic tumor and represent lower, ii stage, whereas HCT116 cells are placed in iii class in the TnM classification. However, since the HT29-CD133 + and HT29-CD133 --derived spheres could increase in size, similarly to the HCT116 counterparts, we assumed that they were able to degrade Matrigel Matrix. This finding provided further evidence that the colonospheres present a better model for the in vitro studies of cancer cells than the adherent cell cultures.
It is noticeable that there are many epigenetic and genetic features which differ in HCT116 and HT29 cells and might have influenced the presented results. HCT116 cells were originally isolated from primary tumor derived from colon ascendens of 48-year-old male (67,68), whereas HT29 cell lines represents human colonic adenocarcinoma originating from 44-yearold female (69). Ahmed et al (70) explored the genetic and epigenetic molecular phenotype of 24 colon cancer cell lines, including HCT116 and HT29. Cells from these lines possessed different status of one of the most commonly mutated genes in colon cancer, KRAS. HT29 has wild-type of KRAS (KRAS WT ), while HCT116 gained mutated KRAS G13D (70) , which resulted in a constitutive activation of KrAS signaling pathway. in this pathway the RAS protein plays an important role as central mediator downstream of growth factor receptors and therefore, it is critical for cell proliferation, survival, and differentiation involving mitogen-activated protein kinases (MApKs) and phosphoinositide-3 kinase (pi3K) pathways (71, 72) . Cells harboring KRAS mutations within codon 13 are reported to possess high oncogenic potential and be very aggressive (73) . Additionally, KRAS status has also biological relevance in terms of colorectal cancer clinical outcome to anti-EGFR therapy (74) and senescence and/or apoptosis mediated by Fasr/FasL (75, 76) . besides KRAS gene, HCT116 and HT29 cell lines represent different mutation status of chromosomal instability (CIN) phenotype and some cancer critical genes such as BRAF, PIK3CA and TP53 genes (70) . Some of these genes might be used for prediction of clinical benefit from anti-EGFR treatment in metastatic colorectal cancer (77) , hence the usage of HCT116 and HT29 cell lines allows for comparison of broad spectrum of features characteristic for these types of cells.
When it comes to the relations of our results to the genetic status of both used CRC lines, we could only suspect that the deregulation and constant activation of EGFR pathway (due to mutated form of KrAS gene) may influence the proliferative abilities, phenotype of cells and growth of spheres. However, if such features are directly associated with one mutation or rather with general cancer progression status remains unclear and requires more studies.
Undeniably, 2-D immortalized CRC cell lines represent elegant model to extend the knowledge concerning cell transformation. However, they will never provide adequate culture to analyze elaborated tumor biology in vivo, which seems to be more reliably mimicked by the spherical culture system as was postulated earlier by others (28) (29) (30) 35, 37 ) and as we concluded from the presented study. Cells cultured under CSC-supporting conditions seem to share more similarities with original tumors, indicating that they provide a more biologically relevant culture system when compared with widely used traditional monolayer cultures, including the lower proportion of CSC-like cells. Therefore, we claim that 3-D spherical model of CRC lines should be considered as an important tool for the in vitro studies of cancer, especially these which target non-differentiated CSC-like cells and their microenvironment.
